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a b s t r a c t
The broad diversity of neurons is vital to neuronal functions. During vertebrate development, the spinal
cord is a site of sensory and motor tasks coordinated by interneurons and the ongoing neurogenesis. In
the spinal cord, V2-interneuron (V2-IN) progenitors (p2) develop into excitatory V2a-INs and inhibitory
V2b-INs. The balance of these two types of interneurons requires precise control in the number and
timing of their production. Here, using zebraﬁsh embryos with altered Notch signaling, we show that
different combinations of Notch ligands and receptors regulate two functions: the maintenance of p2
progenitor cells and the V2a/V2b cell fate decision in V2-IN development. Two ligands, DeltaA and
DeltaD, and three receptors, Notch1a, Notch1b, and Notch3 redundantly contribute to p2 progenitor
maintenance. On the other hand, DeltaA, DeltaC, and Notch1a mainly contribute to the V2a/V2b cell fate
determination. A ubiquitin ligase Mib, which activates Notch ligands, acts in both functions through its
activation of DeltaA, DeltaC, and DeltaD. Moreover, p2 progenitor maintenance and V2a/V2b fate
determination are not distinct temporal processes, but occur within the same time frame during
development. In conclusion, V2-IN cell progenitor proliferation and V2a/V2b cell fate determination
involve signaling through different sets of Notch ligand–receptor combinations that occur concurrently
during development in zebraﬁsh.
& 2014 Elsevier Inc. All rights reserved.
Introduction
In the vertebrate spinal cord, a wide array of neuronal and glial
subtypes is generated to achieve the complex functioning of the
central nervous system (CNS). Signaling molecules including sonic
hedgehog (SHH), ﬁbroblast growth factor (FGF), WNT, and bone
morphogenic protein (BMP), as well as combinatorial transcription
factors have been identiﬁed as important regulators of neurogen-
esis, in which a large number of distinct cell types are generated
(Jessell, 2000; Lee and Pfaff, 2001; Wilson and Maden, 2005).
Among such neuronal subtypes, interneurons are a major class of
neurons that relay sensory information from the periphery and
modulate motor functions. Four classes of ventral interneurons,
V0, V1, V2, and V3 are generated along the dorsoventral axis of the
neural tube and are derived from progenitors in the medial
ventricular zone in distinct progenitor domains, termed as p0,
p1, p2, and p3, respectively (Jessell, 2000; Lee and Pfaff, 2001).
Among them, V2 interneurons acquire features of either V2a
excitatory neurons, which are marked by their expression of
Chx10/Vsx2, or V2b inhibitory neurons, which express Gata3 and
Scl (Briscoe et al., 2000; Karunaratne et al., 2002; Kimura et al.,
2006, 2008; Smith et al., 2002). The production of the appropriate
balance of excitatory and inhibitory neurons on a precise devel-
opmental schedule is critical for neural development. However,
the molecular mechanisms that govern the V2a/V2b cell fate
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determination and the temporal regulation of their differentiation
in the spinal cord are not fully understood.
In the spinal cord, V2 cells differentiate from the p2 progenitor
domain, which expresses Pax6, Irx3, and Nkx6.1. It has been
suggested that these genes are expressed in other progenitor
domains besides the p2 domain, but that the expression of this
speciﬁc combination plays a central role in deﬁning the p2 domain
(Briscoe et al., 2000; Ericson et al., 1997; Novitch et al., 2001;
Sander et al., 2000). The p2 progenitor cells give rise to p2
intermediate progenitor cells expressing Vsx1, Lhx3, and Gata2/3
that later divide into two distinct classes, termed as V2a, which
express Lhx3 and Vsx2 (Chx10) but lose Gata2/3 expression, and
V2b, which express Gata2/3 but lose Lhx3 and Vsx2 expression
(Batista et al., 2008; Karunaratne et al., 2002; Kimura et al., 2008;
Thaler et al., 2002; Zhou et al., 2000).
The temporal control of progenitor proliferation, differentiation,
and alternate cell fate choice is important for normal neural
development. Notch signaling is repeatedly and sequentially used
to control these steps to generate the diversity of cell types in the
nervous system (Cau and Blader, 2009; Louvi and Artavanis-
Tsakonas, 2006; Yoon and Gaiano, 2005). In zebraﬁsh, a ubiquitin
ligase Mind bomb1 (Mib1) is essential for both Delta and Jagged
activation of Notch signaling (Itoh et al., 2003; Yamamoto et al.,
2010). Mib mutants exhibit a marked increase in p2 intermediate
progenitors, suggesting that Mib plays a role in suppressing the
differentiation of p2 progenitors to p2 intermediate progenitor cells
(Batista et al., 2008). Marklund et al. reported that in the mouse
Delta-like 1 (Dll1) mutant, the numbers of V2a and V2b interneur-
ons are modestly increased, presumably due to the enhanced
differentiation of p2 progenitor cells into p2 intermediate progeni-
tor cells (Marklund et al., 2010). In contrast, the Notch1 mutation
does not strikingly affect the generation of p2 intermediate pro-
genitors but does affect the V2a/V2b cell fate decision (Del Barrio et
al., 2007). Thus, the mechanism by which p2 intermediate progeni-
tors are generated remains incompletely understood.
While the role of Delta–Notch interactions in the V2a/V2b cell
fate determination has been described previously, the role of the
various Delta ligands in mediating the V2a/V2b cell fate choice is
still somewhat controversial (Del Barrio et al., 2007; Kimura et al.,
2008; Peng et al., 2007; Yang et al., 2006). Two studies showed
that Dll4- but not Dll1-overexpression represses V2a development,
suggesting a role for Dll4 in the V2a/V2b cell fate determination
(Del Barrio et al., 2007; Peng et al., 2007). Rocha et al. showed that
Dll1 and Dll4 are sequentially expressed in the developing mouse
spinal cord, resulting in their sequential functioning during V2
neuronal development (Rocha et al., 2009). However, Kang et al.
recently reported that neither Dll1 nor Dll4 overexpression affects
the V2a-to-V2b ratio (Kang et al., 2013). These results on the Dll4
function were obtained from overexpression experiments, and to
date, no studies utilizing genetic loss-of-function analysis have
been reported. The involvement of Notch ligands in V2a/b cell fate
decisions is supported by the ﬁnding that Mib1 plays a key role in
this process (Batista et al., 2008; Kang et al., 2013). Although these
studies provide evidence for the importance of Notch ligands in
the V2a/b cell fate choice, the physiological roles of the various
Notch ligands in this process have not yet been demonstrated.
While it has been reported that Notch1 regulates the V2a/b cell
fate decision, the involvement of other Notch receptors is unclear
(Del Barrio et al., 2007; Yang et al., 2006). Therefore, the precise
Delta–Notch interactions and their temporal activities required for
V2 development are yet to be determined.
Here we show that different but overlapping combinations of
Notch ligands and receptors regulate two processes during V2
interneuron development in zebraﬁsh. DeltaA and DeltaD, which
are activated by Mib, function cooperatively to maintain p2
progenitors, whereas DeltaA and DeltaC function redundantly in
V2a/V2b cell fate determination. Notch1a, Notch1b, and Notch3
are involved in p2 progenitor proliferation, whereas Notch1a
mainly contributes to the V2a/V2b cell fate choice. Furthermore,
these two processes are not strictly separated in time; instead,
they occur concurrently through different combinations of the
various Delta–Notch paired interactions in zebraﬁsh.
Materials and methods
Zebraﬁsh lines and maintenance
The zebraﬁsh were raised and maintained under standard
conditions with approval by the Institutional Animal Care and
Use Committee at Chiba University. Zebraﬁsh embryos were
obtained from natural spawnings of wild-type adults or identiﬁed
carriers heterozygous for mibta52b (Itoh et al., 2003), deltaC (tm98
and tit446 alleles) (Julich et al., 2005), notch1ath35b (Holley et al.,
2002), or Tg[vsx1:GFP] (Kimura et al., 2008). The DeltaAdmc72a line
was generated in the course of a large-scale enhancer trap screen
with the T2KhspGFFDMC construct, a modiﬁed version of
T2KhspGFF (Asakawa et al., 2008). The deltaAdmc72a-GFP ﬁsh line
was created by crossing deltaAdmc72a with UAS:GFP ﬁsh and
selected by GFP expression in the neural tissues.
Whole-mount in situ hybridization and antibody staining
Whole-mount in situ hybridization was performed as described
previously (Yamamoto et al., 2010). All probes were previously
published: vsx2 (Kimura et al., 2006), sclα (Qian et al., 2007), irx3a
(Kudoh and Dawid, 2001), and nkx6.1 (Guner and Karlstrom,
2007). Whole-mount antibody staining was performed using the
following antibodies: anti-DeltaA (1:10, 18D2, ZIRC), anti-Vsx2
(1:500) (Kimura et al., 2008), anti-Scl (1:10) (Qian et al., 2007),
anti-GFP (1:1000, monoclonal antibody (JL-8), Clontech, CA, USA).
Donkey anti-guinea pig IgG (HþL) DyLight 649 (Jackson Immu-
noResearch, PA, USA), Donkey anti-rabbit IgG (HþL) DyLight 594
(Jackson ImmunoResearch, PA, USA), and Goat anti-mouse IgG
(HþL) Alexa-488 (Invitrogen, CA, USA) were used as the secondary
antibodies. The TSA Labeling Kit with Alexa Fluors 594 tyramide
and the Histoﬁne Simple Stain MAX PO (MULTI) (Nichirei
Bioscience, Tokyo, Japan) were also used for DeltaA and Scl
detection. For the double staining of Notch ligands/receptors and
V2 neurons in Tg[vsx1:GFP] embryos, Notch ligand/receptor
expression was visualized by the confocal detection of NBT/BCIP
after in situ hybridization using reﬂection microscopy, and V2
neurons were visualized with the anti-GFP antibody.
Sectioning
For cryosectioning, embryos were placed in melted 1.5% agar-
ose in PBS. Agarose blocks were placed in 30% sucrose in PBS
overnight at 4 1C, embedded in OCT compound (VWR, PA, USA),
and cut into 18-μm-thick sections using a Leica cryostat. Sections
were collected on MAS-coated Superfrost slides (Matsunami,
Osaka, Japan). The transverse sections were obtained from the
trunk region at somite level 5–14.
Morpholino antisense oligonucleotide injection
Morpholino oligonucleotides (MO) were injected into one- to
two-cell-stage embryos. MO sequences (Gene Tools, OR, USA) and
the injected doses were as follows: standard control MO, 10 ng
(Gene Tools); deltaA MO, 50-AGCAACAGTAAGTGGCGTCCCATGA-30,
5 ng; mib (Ex/int1 MO), 5 ng (Itoh et al., 2003); deltaCMO2, 0.25 ng
(Holley et al., 2002); deltaD MO, 5 ng (Holley et al., 2002); delta4
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MO2, 10 ng (Siekmann and Lawson, 2007); notch1a (ATG MO and
UTR MO), 2 ng each (Tsutsumi and Itoh, 2007); notch1b MO, 2 ng
(Milan et al., 2006). notch3 (ATG MO and UTR MO), 2 ng each
(Tsutsumi and Itoh, 2007).
Dibenzazepine treatment
Dibenzazepine (DBZ; Merck, Germany) was reconstituted with
DMSO to prepare a stock solution of 1.1 mM. Aliquots were diluted
to 5 μM in E3 medium. Embryos were dechorionated and incu-
bated at 28.5 1C in the DBZ solution from 11 to 17 hours post
fertilization (hpf) or from 17 to 28 hpf.
V2 development data analysis
To quantify the V2a and V2b differentiation, the numbers of
V2a (Vsx2/GFP double positive) and V2b (Scl/GFP double positive)
cells in mutant or MO-injected embryos were counted from
confocal stacked images that were 320 mm wide and 6–16 mm
deep. Images of DBZ-treated embryos were 240 mm wide and 18–
45 mm deep. All images were taken from the side in regions where
the trunk spinal cord passed over the yolk extension. Statistical
signiﬁcance was analyzed using the two-sample t-test.
Reporter gene assays
To assess the effects of DeltaC or DeltaD on Notch-mediated
responses, the following assay was performed. Lunatic fringe- and
Notch1-expressing NIH3T3 (LfnNotch1-3T3, 1.2106) cells were
co-transfected with a control vector or HA-tagged DeltaC or HA-
tagged DeltaD expression plasmids and with TP1-dELuc and pRL-
EF. TP1-dELuc expresses Emerald Luc-PEST (Toyobo, Osaka, Japan)
under the control of a Notch-responsive element, and pRL-EF
expresses Renilla luciferase under the control of the EF-1α pro-
moter. Forty-eight hours after transfection, the Notch1-3T3 cells
were collected and split into three groups of 5104 cells each.
These groups were then co-cultured with MIG- (control) or
Delta1-3T3 cells (5104) in 24-well plates for 40 h, and the Fireﬂy
and The Renilla luciferase activities were determined using the
Promega Dual Luciferase Reporter Assay System (Madison, WI,
USA). Renilla luciferase activity was used to normalize the trans-
fection efﬁciency of the luciferase reporters. The values shown are
the average of three experiments, with each transfection per-
formed in duplicate per experiment.
Results
Notch signaling is involved in p2 progenitor cell maintenance
and V2a/b cell fate determination
Previous studies suggested that Notch signaling activity is
controlled by ligand ubiquitination (Itoh et al., 2003; Le Bras et
al., 2011; Weinmaster and Fischer, 2011). We therefore examined
zebraﬁsh mib mutant embryos, in which Notch signaling is severely
impaired (Itoh et al., 2003). In mib mutants, the p2 progenitor cells,
as detected by irx3a and nkx6.1 expression in the ventricular zone,
were greatly reduced (irx3a, n¼6, 100%; nkx6.1, n¼6, 100%; Fig. 1A,
B). Meanwhile, the V2a and V2b interneurons, which are detected
by vsx2 and sclα expressions, respectively, were not equally pro-
duced in mib mutants as compared with control embryos (vsx2,
n¼20, 100%; sclα n¼19, 100%; Fig. 1C, D). The mib mutants showed
an increase in V2a cells at the expense of V2b cells, consistent with
previous observations that Notch signaling favors V2b over V2a cell
development (Batista et al., 2008; Del Barrio et al., 2007; Yang et al.,
2006). These data suggest that Mib-mediated ligand activation and
Notch receptor signaling have two independent roles: p2 progenitor
maintenance and the V2a/V2b cell fate decision.
Two ligands, DeltaA and DeltaD, are partially redundant for p2
progenitor maintenance
We next investigated which Notch ligands are involved in the
p2 progenitor maintenance. We performed loss-of-function ana-
lyses using genetic mutants and/or antisense morpholino oligo-
nucleotide (MO) knockdown. We performed a large-scale
enhancer trap screen and generated a new allele of deltaA mutant,
termed deltaAdmc72a (Fig. S1A, B) (Asakawa et al., 2008). The
enhancer trap vector, which contains an engineered yeast Gal4
transcription activator (Gal4FF), was integrated into the ﬁrst exon
of the deltaA gene. The resulting homozygous deltaAdmc72a
embryos expressed signiﬁcantly reduced DeltaA protein (Fig.
S1C), and, although the irx3a and nkx6.1 expressions were not
dramatically changed, both vsx2- and sclα-expressing cells were
slightly increased (Figs. 2A, B, and S2A, E). Similar observations
were made in deltaD (aei) mutant embryos but not in deltaC
knockdown/mutant embryos (Figs. 2A, B, and S2A–C, E–G). To
reveal possible redundant roles of the Delta ligands, we examined
embryos deﬁcient for combinations of deltaA, deltaC, and deltaD
(Figs. 2A, B, and S2A–H). Among these embryos, deltaA/deltaD
double mutants exhibited the most signiﬁcant increase in vsx2-
and sclα-expressing cells and reduction in p2 progenitor cells
expressing irx3a and nkx6.1 (Figs. 2A, B, and S2A, E; vsx2, 100%,
n¼8; sclα, 100%, n¼7; irx3a, 100%, n¼3; nkx6.1, 100%, n¼5). The
deltaC/deltaD double knockdown also caused an increase in vsx2-
and sclα-expressing cells, although it was less obvious than that of
the deltaA/deltaD double mutant (100%, n¼8, Fig. S2C, D, G, and H).
The deltaA/deltaC double knockdown embryos exhibited increased
vsx2 but similar sclα expression compared to controls, as will be
described in detail below (Fig. S2B, F), but a marked reduction in
irx3a- and nkx6.1-expressing p2 progenitor cells was not observed
(Fig. 2A, B), suggesting that DeltaA and DeltaD play a more
prominent role in p2 progenitor maintenance than DeltaC.
Two ligands, DeltaA and DeltaC are partially redundant for the V2
fate determination
As compared to deltaA/deltaD and deltaC/deltaD double knock-
down mutants, the deltaA/deltaC double knockdown embryos
exhibited a more differential expression of vsx2 and sclα, that is,
an increase in vsx2- and similar extent of sclα-expression (Fig. S2B,
F). This observation was conﬁrmed in deltaA/deltaC double deﬁ-
cient embryos created by injecting deltaAMO into dlctit446 mutants
(vsx2, n¼21, 100%; sclα, n¼22, 100%; Fig. S2C, G). These data
raised the possibility that DeltaA and DeltaC are involved in V2
fate determination. Thus, we performed a detailed analysis of the
V2a and V2b fates. A previous study reported that sclα-expressing
cells develop into V2b cells and KA0 interneurons (Batista et al.,
2008). To distinguish between these two different sclα-expressing
cells, we used Tg[vsx1:GFP] zebraﬁsh. In this line, the V2 lineage
cell fates can be identiﬁed: V2a as Vsx2/GFP double positive and
V2b as Scl/GFP double positive cells (Kimura et al., 2008).
In the control MO-injected embryos, we observed adjacent
pairs of V2 (V2a and V2b) cells which were generated by pair-
generating progenitors (Kimura et al., 2008) (Fig. 3A–E in con MO).
Although there was no marked change in the pairing of V2 fate
cells in either deltaAMO- or deltaCMO-injected embryos, in deltaA
and deltaC double MO-injected embryos, Vsx2-positive cells were
frequently found at the expense of Scl-expressing cells (Figs. 3A–E,
and S3A–E). In mib MO-injected embryos, the vsx1:GFP cells
dramatically increased and the V2 pairing cells were difﬁcult to
detect (Fig. 3A–E). This observation is consistent with the V2
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progenitor maintenance function of Mib. Moreover, in the mib
knockdown embryos, most of the vsx1:GFP cells were Vsx2-
positive, and not Scl-positive (Fig. 3A–E). Collectively, these results
suggest that the Mib-mediated activation of DeltaA and DeltaC is
redundantly required for speciﬁcation of the V2b cell fate at the
expense of the V2a cell fate.
Previous studies reported that the overexpression of Delta4,
but not Delta1, activates Notch signaling required for V2b cell
production, and inhibits V2a lineage production in chick embryos
(Del Barrio et al., 2007; Peng et al., 2007). However, loss of
function approaches for determining the role of Delta4 in V2 fate
decision have not been used. We therefore next examined the
effects of delta4 knockdown, alone or in combination with the
knockdown of other Delta ligands, on V2 fate determination. Using
vsx1:GFP zebraﬁsh, the numbers of V2a (Vsx1:GFP and Vsx2
double positive) and V2b (vsx1:GFP and Scl double positive) cells
were counted in the spinal cord of the knockdown embryos and
the V2a-to-V2b ratios were determined (Fig. 3F–H).
Mib knockdown resulted in dramatic increases in the number
of V2a cells, the total number of cells, and the V2a-to-V2b ratio,
compared with those of control embryos (Fig. 3F–H). The knock-
down of delta4 alone caused only slight changes in the V2a or V2b
cell numbers, but no signiﬁcant changes in those numbers were
observed in deltaC knockdown embryos (Fig. 3F–H). deltaA Knock-
down embryos exhibited slight increases in both the V2a and V2b
populations, but the V2a-to-V2b ratio remained unchanged
(Fig. 3F–H), suggesting a role for DeltaA in p2 progenitor main-
tenance. Next, we examined the effects of delta4/deltaA or delta4/
deltaC double knockdown, but neither combination caused addi-
tional increases (Fig. 3F–H). Hence, we concluded that Delta4 does
not contribute substantially to the V2 cell fate decisions in
zebraﬁsh. In contrast, deltaA/deltaC double knockdown signiﬁ-
cantly increased the number of V2a cells and the V2a-to-V2b ratio
(Fig. 3F–H). Moreover, deltaA/deltaD double knockdown increased
both the V2a and V2b cell numbers but only slightly increased the
V2a-to-V2b ratio (Fig. 3F–H). Taken together, these ﬁndings
indicate that the V2 fate determination is predominantly modu-
lated by DeltaA and DeltaC, with only a modest contribution from
DeltaD. In contrast, the total number of V2 cells in the deltaA/
deltaD double knockdown embryos was signiﬁcantly higher than
in the deltaA/deltaC double knockdown embryos (Fig. 3G), indicat-
ing that DeltaD plays a more important role in p2 progenitor
maintenance than DeltaC.
Three genes, deltaA, deltaC, and deltaD act synergistically in V2
neuron development
Although we found that the deltaA, deltaC, and deltaD genes are
involved in p2 progenitor maintenance and V2 fate determination,
knockdowns of any combination of two of these genes did not
cause severe defects compared with mib mutants, described
above. Next, we knocked down three genes, deltaA, deltaC, and
deltaD to uncover their compensatory functions. The triple deﬁ-
cient embryos showed both p2 progenitor loss and an increased
V2a-to-V2b ratio, similar to the mib mutants (Fig. 3F–H), suggest-
ing that the three genes have distinct and redundant roles that are
important for V2 neuron development. The observed expression of
these delta genes also supported their compensatory roles in V2
development (Fig. S4).
Fig. 1. Mib-mediated Notch signaling regulates both p2 progenitor maintenance and the V2a/V2b cell fates. (A, B) p2 progenitors in the ventricular zone were reduced inmib
mutants. irx3a (A) or nkx6.1 (B) Expression in sibling control (sib) or mib mutants (mib). Increased ventral irx3a-expressing cells in mib mutants are primary motoneurons.
(C, D) V2a was increased and expanded into the ventricular zone due to precocious differentiation and V2b was reduced in mib mutants. V2a and V2b cells were detected by
vsx2 (C) and sclα (D), respectively in sibling control (sib) ormibmutants (mib). Left two panels: side views of embryos at 24 hpf with anterior to the left, dorsal up. Dorsal and
ventral borders of the neural tubes are shown by the dotted lines. Bar scale: 100 μm. Right two panels: transverse sections through the trunk region in embryos at 24 hpf. p2
Progenitor domains within the neural tubes (circled by white dotted lines) are indicated by red dashed outlines. Bar scale: 20 μm.
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Notch1a plays a major role in V2 fate determination, and Notch1a,
Notch1b, and Notch3 together contribute to p2 progenitor
maintenance
Next, we examined the requirement of Notch receptors in V2
interneuron development. Among the four Notch receptors in
zebraﬁsh, we initially examined the Notch1a and Notch3 functions
by a gene knockdown, because double knockdown of these two
genes inhibit Notch signaling as effectively as the Mib deﬁciency at
early neurogenesis stages (Tsutsumi and Itoh, 2007). The double
knockdown of notch1a and notch3 caused a mild reduction in irx3a
and nkx6.1 expression compared with single knockdowns (Fig. 4A,
B), suggesting that these two genes are involved in p2 progenitor
maintenance. On the other hand, notch1a knockdown or mutation
increased the number of V2a cells and reduced the number of V2b
cells, without altering the total number of V2 cells, and thus
increased the V2a-to-V2b ratio (Figs. 5A–H, n¼16, and S5), how-
ever, notch3 knockdown did not signiﬁcantly change the vsx2 or
sclα expression or the V2a/V2b development (Figs. 5F, G, and S6,
n¼7). In contrast, notch1a and notch3 double knockdown resulted
in an increase in V2a cells and reduction in V2b cells (Fig. 5A–G),
accompanied by an increase in total V2 numbers (Fig. 5G, n¼7). The
phenotypes of notch1a/3 double knockdown embryos were mild
compared to those of deltaA/D knockdown or mib mutant embryos,
suggesting that other Notch receptor(s) may also contribute redun-
dantly to p2 progenitor maintenance. A gene expression analysis of
Notch receptors showed that notch1b was also expressed in the V2
neuron lineage (Fig. S4). Therefore, we knocked down multiple
Notch receptor genes including notch1b. Compared to any single or
possible double knockdowns of Notch genes, the notch1a/notch1b/
notch3 triple knockdown caused the most severe reductions in irx3a
and nkx6.1 expression (Fig. 4A, B), suggesting that these three genes
function cooperatively in p2 progenitor maintenance. Furthermore,
notch1a/notch1b/notch3 triple knockdown resulted in a more dra-
matic increase in V2a cells at the expense of V2b cells, the V2a-to-
V2b ratio, and the total number of V2 cells compared with notch1a/
notch3 double knockdown (Fig. 5A–H, n¼14). Collectively, we
conclude that Notch1a plays a major role together with Notch1b
and Notch3 in the V2 fate determination and that Notch1a,
Notch1b, and Notch3 all contribute to p2 progenitor maintenance.
DeltaC and DeltaD have similar cis-inhibitory effects on Notch1
Notch ligands exert cis-inhibitory effects on Notch signaling
when co-expressed with Notch receptors (Miller et al., 2009;
Sprinzak et al., 2010). We therefore compared the cis-inhibitory
functions of DeltaC and DeltaD by using a co-culture cell-based
Notch activity reporter assay consisting of NIH3T3 cells ectopically
expressing Delta1 or Notch1. As previously reported, Delta1-
expressing cells activated the Notch-responsive reporter in
Notch1-expressing cells (Fig. 6) (Abe et al., 2010). When DeltaC
or DeltaD was ectopically expressed in Notch1-expressing reporter
cells, the Delta1-induced Notch activity was signiﬁcantly reduced.
However, the cis-inhibitory effects were not dramatically different
between DeltaC and DeltaD (Fig. 6). Therefore, both ligands have
similar cis-inhibitory effects on Notch1 signaling.
p2 Progenitor maintenance and V2 fate determination
occur concurrently
We next asked how V2 development is regulated temporally.
To block Notch signaling in a temporally controlled manner, the
Fig. 2. DeltaA and DeltaD are redundant for p2 progenitor maintenance. (A, B) p2 progenitors were signiﬁcantly reduced in deltaA/D double mutant embryos compared with
any single or other double mutants. p2 Progenitors were detected by irx3a (A) or nkx6.1 (B). Sibling control (sib), deltaA mutant (dladmc72a), deltaD mutant (dldtr33), deltaA/D
double mutants (dladmc72a; dldtr33), control morpholino injected embryo (con MO), deltaC morpholino injected embryo (dlc MO), deltaA/deltaC double morpholino injected
embryo (dla; dlc MO), or deltaC/deltaD double morpholino injected embryo (dlc; dld MO). Left four panels in each row: side views of embryos at 24 hpf with anterior to the
left, dorsal up. Dorsal and ventral borders of the neural tubes are shown by the dotted lines. Bar scale: 100 μm. Right two panels: transverse sections through the trunk
region in embryos at 24 hpf. p2 Progenitor domains within the neural tubes (circled by white dotted lines) are indicated by red dashed outlines. Bar scale: 20 μm.
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Fig. 3. Mib, DeltaA, DeltaC, and DeltaD, but not Delta4 play important roles in V2 development. (A–E) V2a and V2b cells were identiﬁed as vsx1:GFP/Vsx2 double positive and
vsx1:GFP/Scl double positive cells, respectively. Side views of embryos (control MO, deltaA/deltaC double MOs, deltaA/deltaD double MOs, deltaA/deltaC/deltaD triple MOs, or
mib MO) at 24 hpf with anterior to the left, dorsal up. Bar scale: 50 μm. (F) V2a and V2b cell numbers per section, (G) total V2 cell number (V2aþV2b) per section, and
(H) V2a-to-V2b ratio in mib and delta knockdown embryos. (F–H) Control MO, n¼21; mibMO, n¼4; deltaAMO, n¼23; deltaCMO, n¼4; deltaAMO, n¼5; delta4/deltaA MOs,
n¼25; delta4/deltaC MOs, n¼14; deltaA/deltaC MOs, n¼27; deltaA/deltaD MOs, n¼20; deltaA/deltaC/deltaD MOs, n¼8. Asterisks indicate statistically signiﬁcant differences
relative to the control (po0.01). Error bars, SEM.
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γ-secretase inhibitor dibenzazepine (DBZ) was used (Milano et al.,
2004; Satou et al., 2012). The expression of vsx1 and vsx2 begins at
approximately 17 hours post fertilization (hpf) (somite stage 16),
and the V2a/V2b pair-generating process is initially observed at
approximately the same time (Batista et al., 2008; Kimura et al.,
2008). Thus, we compared the effects of DBZ treatment performed
before and after 17 hpf. When embryos were treated with DBZ
from 11 to 17 hpf and allowed to develop without DBZ until 28 hpf,
both the V2a and V2b cell numbers were increased slightly
without affecting the V2a-to-V2b ratio (Figs. 7A–C, and S7A–E,
n¼12, po0.01). However, when the embryos were treated with
DBZ from 17 to 28 hpf, the numbers of V2a and V2b cells were
signiﬁcantly increased (Figs. 7A, and S7A–E, n¼17, po0.01).
In addition, the total V2 number and the V2a-to-V2b ratio in the
17–28 hpf-treated embryos were higher than those in the control
or 11–17 hpf-treated embryos (Figs. 7B, C, andS7A–E, n¼17,
po0.01). Consistent with these ﬁndings, the irx3a- and nkx6.1-
expressing p2 progenitor cells in the DBZ 17–28 hpf-treated
embryos were slightly but signiﬁcantly decreased compared to
embryos with 11–17 hpf treatment (Fig. S8). These data suggest
that the p2 progenitor maintenance and the binary fate speciﬁca-
tion functions are not strictly separated in a time-dependent
manner, but take place simultaneously.
Discussion
Based on our ﬁndings, we propose a model in which different
combinations of Notch receptors and ligands contribute to two distinct
functions: p2 progenitor maintenance and V2a/V2b cell fate determi-
nation (Fig. 8). Mib indiscriminately activates the Notch ligands,
DeltaA, DeltaC, and DeltaD. Among them, DeltaA and DeltaD play a
major role in p2 progenitor maintenance through Notch1a, Notch1b,
and Notch3 (Fig. 8, arrows). On the other hand, V2a/V2b cell fate is
determined mainly by DeltaA and DeltaC through Notch1a. Notch1a,
with some contributions from Notch1b and Notch3, promotes V2b at
the expense of V2a cell development (Fig. 8, thick arrow). DeltaC and
DeltaD also contribute to p2 progenitor maintenance and V2 cell fate
determination, respectively, but have only limited effects compared
with the other two Deltas (Fig. 8, dashed arrows). These two processes
occur concurrently in the spinal cord of early zebraﬁsh embryos.
p2 Progenitor maintenance and binary cell fate choice: qualitative
differences in Notch signaling
Our study revealed that qualitative differences in Notch signal-
ing, determined by different combinations of Delta–Notch pro-
teins, contribute to V2 progenitor maintenance and binary cell fate
choice. Genetic manipulation of the various Delta ligands revealed
that DeltaC plays a more important role in V2 binary cell fate
determination than DeltaD, whereas DeltaD plays a more promi-
nent role in p2 progenitor maintenance than DeltaC. These two
Delta ligands contain divergent peptide sequences; DeltaD is a
homolog of mammalian Dll1, whereas DeltaC has a limited
homology to Dll1. Previous studies have also shown functional
differences between DeltaC and DeltaD. In the posterior presomitic
mesoderm, DeltaC is internalized, while DeltaD remains at the cell
surface, thus suggesting that DeltaC is an active ligand, whereas
DeltaD may be a non-functional ligand that serves as a permissive
partner by forming a DeltaC–DeltaD heteromeric complex (Wright
et al., 2011). In addition, when the endocytosis of DeltaD is blocked
in zebraﬁsh neural tissue, the endocytosis of DeltaC is not
prevented, even in the absence of Notch1a and Notch3 (Matsuda
and Chitnis, 2009). Collectively, DeltaC appears to have a higher
rate of endocytosis than DeltaD and therefore may be more
effective in activating Notch signaling. Consistent with this, DeltaC
plays a more important role than DeltaD in V2 fate determination.
However, the loss of DeltaC, but not DeltaD, in combination with
DeltaA, has little impact on p2 progenitor maintenance, suggesting
that DeltaD may be a more active ligand for this function.
One possible explanation for the functional difference of these two
ligands may be their differential gene expression; the expression of
Fig. 4. Notch1a, Notch1b, and Notch3 together contribute to p2 progenitor maintenance. p2 Progenitors in the ventricular zone detected by irx3a (A) or nkx6.1 (B) were
reduced in notch1a/notch1b/notch3 knockdown embryos (90%, irx3a, n¼10; 80%, nkx6.1, n¼10). Other single or double knockdown embryos did not show a striking reduction
in irx3a (A) or nkx6.1 (B) expression compared with the notch1a/notch1b/notch3 knockdown embryos. All panels: side views of embryos at 24 hpf with anterior to the left,
dorsal up. Dorsal and ventral borders of the neural tubes are shown by the dotted lines. Bar scale: 100 μm.
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Fig. 5. Notch1a is mainly required for the V2a/b fate decision, and Notch1a, Notch1b, and Notch3 are redundant for p2 progenitor cell maintenance. (A–G) Increased V2a and
decreased V2b cell numbers were seen in notch1a, notch1a/notch1b, notch1a/notch3, and notch1a/notch1b/notch3, but not in notch1b, notch3, or notch1b/notch3 knockdown
embryos. V2a and V2b cells were identiﬁed as vsx1:GFP/Vsx2 double positive- and vsx1:GFP/Scl double positive-cells, respectively. (A–E) side views of embryos at 24 hpf
with anterior to the left, dorsal up. Bar scale: 50 μm. (F) V2a and V2b cell numbers per section. (G) Total V2 cell numbers (V2aþV2b) per section in notch knockdown
embryos. (H) V2a-to-V2b ratio in notch knockdown embryos. (F–H) Control MO, n¼21; notch1aMO, n¼16; notch1bMO, n¼9; notch3MO, n¼8; notch1a/notch1bMOs, n¼19;
notch1a/notch3 MOs, n¼7; notch1b/notch3 MOs, n¼12; notch1a/notch1b/notch3 MOs, n¼14. Asterisks indicate statistically signiﬁcant differences relative to the control
(po0.005). Error bars, SEM.
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DeltaD is higher than DeltaC in the p2 progenitor domain of the neural
tube, whereas DeltaC is expressed at higher levels in the cells destined
to become V2a cells (Kimura et al., 2008). An alternative, although not
mutually exclusive, explanation is the selectivity of ligand–Notch
interactions. Besseyrias, et al. reported that Dll4–Notch1 interactions
are preferential to Dll1–Notch1 interactions in T cell development,
resulting in a stronger Dll4-mediated Notch1 signal in comparison to
Dll1 (Besseyrias et al., 2007). By analogy, the DeltaC–Notch1a interac-
tion may be stronger than the DeltaD–Notch1a interaction, causing
DeltaC to be highly effective in activating Notch1a (but not Notch3),
whereas DeltaD can moderately activate both Notch1a and Notch3.
Another mechanism that may contribute to the differential activ-
ities of DeltaC and DeltaD is the cis-inhibitory effect of Notch ligands.
Recent studies have shown that these inhibitory functions are
important for the lateral inhibition that restricts the number of
equipotential neural progenitor cells that are destined for a particular
fate (del Alamo et al., 2011; Miller et al., 2009; Sprinzak et al., 2010).
However, our data from cell-based Notch reporter assays showed no
differences between the effects of DeltaC and DeltaD on the down-
stream signaling of Notch1, the mammalian homolog of zebraﬁsh
Notch1a. Future studies should clarify the mechanism by which DeltaC
and DeltaD function differently in V2 interneuron development.
Conservation of Notch ligand-mediated V2 cell-fate choice
in vertebrates
Previous studies suggested that Dll4 has a role in V2a/b cell-
fate speciﬁcation during mouse and chick development (Peng et
al., 2007; Rocha et al., 2009). However, the in vivo contribution
of Dll4 to the V2a/b fate choice is unclear, because as genetic
Fig. 6. DeltaC and DeltaD have similar cis-inhibitory effects on Notch1. Notch1-3T3
cells were transfected with different amounts of either deltaC or deltaD and the TP1
reporter plasmid, and then co-cultured with Dll1-3T3 cells. Error bars represent the
mean7SD of three independent experiments. The expression of HA-tagged DeltaC
or HA-tagged DeltaD was analyzed by western blotting with anti-HA (WB).
Fig. 7. p2 Progenitor maintenance and V2 fate determination occur concurrently. (A) V2a and V2b cell numbers per section, (B) total V2 cell numbers (V2aþV2b) per section,
and (C) V2a-to-V2b ratios, in embryos treated with DBZ either from 11 to 17 hpf (DBZ 11–17 h) or from 17 to 28 hpf (DBZ 17–28 h). Asterisks indicate statistically signiﬁcant
differences relative to the control (po0.01). Error bars, SEM.
Fig. 8. Model of V2 interneuron development regulated by Notch ligand–receptor
combinations. Schematic showing the position of ventral interneuron domains and
the motoneuron domain. Progenitor cells (p0–p3, pMN) in the ventricular zone
differentiate into different ventral post-mitotic interneurons (V0–V3) and the
motoneuron (MN). V2 neuron domain is enlarged on the right. Different combina-
tions of Delta and Notch contribute to two distinct functions: p2 progenitor
maintenance and V2a/V2b cell fate determination. Mib indiscriminately activates
DeltaA, DeltaC, and DeltaD. Among them, DeltaA and DeltaD play a major role in p2
progenitor maintenance and inhibit differentiation into p2 intermediate progeni-
tors (p2-IM) through Notch1a, Notch1b, and Notch3 (arrows). On the other hand,
V2a/V2b cell fate is determined mainly by DeltaA and DeltaC through Notch1a.
Notch1a, with some contributions from Notch1b and Notch3, promotes V2b at the
expense of V2a cell development (thick arrow). DeltaC and DeltaD also contribute
to p2 progenitor maintenance and V2 cell fate determination, respectively, but have
only limited effects compared with the other two Deltas (dashed arrows). These
two processes occur concurrently in the spinal cord of early zebraﬁsh embryos.
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inactivation studies have not yet been reported. Given that both
DeltaC and DeltaA (another Dll1 homolog) are important for the
V2 fate decision in zebraﬁsh, it is likely that a similar functional
redundancy between Dll4 and Dll1 exists in amniotes. Although
DeltaC does not exhibit a high sequence similarity to Dll4, DeltaC
may be a functional homolog to amniote Dll4 in V2 interneuron
development. In accordance with this idea, they have some
similarities: the phylogenetic distance from Dll1 (DeltaD), and a
stronger signaling capacity compared to Dll1 (DeltaD) (Besseyrias
et al., 2007; Wright et al., 2011). This redundancy between two
ligands may be an evolutionarily conserved mechanism that
assures the robustness of the V2 fate decision system.
Temporal relationship of Notch signaling activities during V2
interneuron development
Notch signaling functions repeatedly during neural develop-
ment (Mizoguchi et al., 2011; Rocha et al., 2009; Yoon and Gaiano,
2005). The precise temporal control of differentiation by Notch
signaling is essential to coordinate neuronal development. Pre-
viously, two Notch-dependent functions at different developmen-
tal stages were reported: olig2 positive ventral spinal cord
precursor maintenance and the binary fate decision between
motoneurons and KA0 interneurons (Shin et al., 2007). In addition,
Rocha et al. proposed that Dll1 and Dll4 act sequentially to
regulate the timing of progenitor differentiation and then to
control cell fate diversity in the V2 interneuron lineage (Rocha et
al., 2009). Our data suggest that p2 progenitor maintenance and
the V2a/b binary fate decision do not take place at distinct
developmental stages, but rather occur concurrently through the
use of different combinations of the various Notch receptors and
ligands in zebraﬁsh. Both the production of p2 progenitors and the
V2a/b fate determination start at the late somite stage (17 hpf),
when the neural plate is transformed into the neural tube.
It was previously shown that Notch signaling has dose-
dependent effects (Guentchev and McKay, 2006; Guruharsha et
al., 2012). Here we showed that the level of Notch activity required
for two distinct functions may be different. p2 Maintenance was
found to be more sensitive to reduced Notch activity than was the
V2 cell fate choice, as revealed by the effects of DBZ treatment
(leading to weak inhibition of Notch signaling) and mib mutants
(resulting in strong inhibition). Given that DeltaA, C, and D ligands,
as well as Notch receptors are expressed in a spatially regulated
manner, different combinations of the Delta–Notch paired interac-
tions could contribute quantitatively different Notch activities. Thus,
full Notch activity might be required for p2 progenitor cell self-
renewal and maintenance. On the other hand, the V2 fate decisions
are mainly dependent on Notch1a but are more robust than the V2
maintenance because the V2 fate choice process is less sensitive to
reduced Notch activity. The dual functioning of the Notch system
and the overlapping functions of the various receptors and ligands
might have been acquired during vertebrate evolution to increase
the diversity of neuronal cell types. Future studies are needed to
determine how different levels of Notch activity produce different
outcomes. One possible approach would be to evaluate the different
target gene expressions such as her/hes genes elicited by these two
processes. In zebraﬁsh, her/hes genes such as her4, hes15.1, her8a,
and her12 are expressed broadly in the spinal cord including the p2
progenitor domain, so they are likely to be involved in p2 progenitor
maintenance. In contrast, hes6, her6, her9, and her13 are expressed
only in certain parts of the spinal cord. Our preliminary analysis
showed that hes6 was expressed slightly higher in one cell in a pair
of V2 cells (presumably a V2b cell, the Notch active cell type) but
her9was not (Fig. S9). Hes6 is an inhibitor of Notch signaling and an
exception among the her/hes family members, which are reported
to act as transcriptional repressors, while Hes6 antagonizes the
function of Hes1. Thus, from the hes/her expression patterns, it is
unclear how Notch activation would determine the binary cell fate
between V2a and V2b through the induction of her/hes genes.
Further studies are necessary to understand which her/hes genes
mediate the two different functions.
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